This paper investigates the comproportionation reaction of Mn II with MnO 4 -as a route for manganese oxide nanoparticle synthesis in the protein ferritin. We report that MnO 4 -serves as the electron acceptor and reacts with Mn II in the presence of apoferritin to form manganese oxide cores inside the protein shell. Manganese loading into ferritin was studied under acidic, neutral, and basic conditions and the ratios of Mn II and permanganate were varied at each pH. The manganese-containing ferritin samples were characterized by transmission electron microscopy, UV/Vis absorption, and by measuring the band gap energies for each sample. Manganese cores were deposited inside ferritin under both the acidic and basic conditions. All resulting manganese ferritin samples were found to be indirect band gap materials with band gap energies ranging from 1.01 to 1.34 eV. An increased UV/Vis absorption around 370 nm was observed for samples formed under acidic conditions, suggestive of MnO 2 formation inside ferritin.
Introduction
The study and synthesis of nanoparticles is an area of significant interest across many different fields [1] [2] [3] [4] [5] [6] . Recent investigations have investigated using protein nanostructures to aid in the formation of these nanoparticles [7] [8] [9] . The protein ferritin has been shown to be an effective scaffold for nanoparticle formation [7, 8, 10, 11] , which nanoparticles have been studied for use in biomedical imaging [1, 4] , electronics [10, 12] , and redox enzymatic activity [13] . Manganese nanoparticles in particular, including ones formed in ferritin, have been investigated for their magnetic [4, 14, 15] and semiconducting properties [3] . Current methods for forming manganese nanoparticles include hydrothermal [16, 17] , molten salt [18] , and microemulsion methods [19] . The use of ferritin allows one to form stable nanoparticles with a narrow range of size distribution at lower reaction temperatures, and allows for insoluble materials to be handled in solution [11] . Manganese nanoparticles have previously been formed in ferritin; however, they have been restricted to a single manganese moiety, namely Mn(O)OH [20] [21] [22] . Using the comproportionation reaction between Mn II and MnO , 4 -we aim to form new manganese nanoparticles within ferritin that have different semiconducting, magnetic, and reduction-oxidation properties, while still retaining the advantages that come through using a proteinbased shell.
Ferritin is a spherical iron storage protein found in most organisms from bacteria through vertebrates. Ferritin has a molecular mass of 450 kDa and is composed of 24 subunits, which assemble into a sphere measuring 12 nm in diameter with an 8 nm hollow interior. Its primary role in cells is to store iron as a ferrihydrite mineral. Ferritin iron acquisition occurs using a catalytic site called the ferroxidase center that facilitates iron oxidation by oxygen [23, 24] . The ferroxidase center of ferritin has been exploited for materials applications by using chemical techniques to replace the native iron oxide core (or more technically, iron oxyhydroxide, Fe(O)OH) with non-native metal oxides and oxyhydroxides as nanoparticles within ferritin [22, [25] [26] [27] . The spherical shell of ferritin allows for the stable production of these nanoparticles with a uniform size distribution and helps maintain the solubility of the resulting nanoparticles. The protein shell can withstand temperatures up to 70°C and variations in pH ranging from pH 4-10 [26, 28] . Additionally, ferritin can be arranged into ordered 2D architectures [29] [30] [31] and shows potential in bio-battery [32, 33] and light harvesting applications [3, 12, 34, 35] .
Ferritin metal oxide cores are traditionally synthesized in vitro by first removing the native iron oxide core-the resulting protein shell being termed apoferritin-and then reacting a transition metal in a low oxidation state with oxygen in the presence of apoferritin. For example, ferrous iron binds to the ferroxidase center and is oxidized before migrating into the interior and forming the native Fe(O)OH mineral. Hydrogen peroxide can be used to facilitate oxidation in cases where diatomic oxygen is unable to oxidize the metal [26, 34] . Using oxygen or hydrogen peroxide as the oxidant has allowed for the synthesis of many different nanoparticles in ferritin [22, [25] [26] [27] . The protein shell is also known to allow diffusion of oxo-anions [27, [36] [37] [38] [39] [40] [41] and divalent metals [42] [43] [44] [45] [46] into the ferritin cavity. Metal oxoanion minerals can thus be deposited inside ferritin by adding oxo-anions to the reaction buffer during iron loading [27, 36] . Using these methods, Mn nanoparticles have previously been formed inside of ferritin [3, 21, 22] .
Many nanoparticles formed in ferritin act as semiconducting materials [47, 48] , and band gap energies for some previously synthesized nanoparticles have been reported, including indirect and direct transitions for Co-, Mn-, and Ti-oxyhydroxides [3] and in nanoparticles where the native Fe(O)OH has been co-deposited with PO , - [27] . In the latter paper, Smith et al also observed that ferritin iron loading in the presence of MnO 4 -produces a core containing both iron and manganese [27] . This observation indicates a possible new route for manganese loading into ferritin, where MnO 4 -may be able to replace oxygen as the oxidant and subsequently be incorporated into the ferritin core. Additionally, the use of MnO 4 -might allow the formation of manganese cores with higher oxidation states in the resulting mineral when compared to the typical +3 oxidation state formed in the reaction with oxygen at the ferroxidase center [20, 22] . In this paper we investigate the reaction of Mn II with MnO 4 -as a new route to synthesize manganese oxide cores within ferritin. We report the successful synthesis of manganese oxide nanoparticles inside ferritin while using MnO 4 -as the oxidant. We also report that these ferritin samples possess different manganese cores than the previously reported ferritin manganese minerals, as confirmed by differences in their absorbance profiles and band gap energies.
Experimental

Potential synthesis pathways
The first reported manganese loading into ferritin was performed by reacting Mn II with apoferritin in a basic solution containing oxygen [22] . Under these conditions, a Mn(O)OH mineral was formed [20] . This synthesis required the pH of the reaction solution to be greater than 9 before the oxidation of Mn II became thermodynamically favorable and manganese loading occurred [49] . By replacing oxygen with MnO , [51] . Therefore, the result is likely to be more complicated than shown in equation (2) , and the resulting Mn product that actually forms might exist with an oxidation state between +2 and +4. We used the ratios between Mn II and MnO 4 -outlined in equations (1a), (1b), and (2) as a basis for our synthesis methods and fixed the total amount of Mn added into the solution. By varying the ratio between the reactants, we hoped to maximize the loading conditions into ferritin using MnO 4 -as the oxidant, as well as shed light on which mechanism the reactions would follow. We acknowledge that the chemistry involved surrounding the various oxidation states of manganese is complex and that the result may likely be a combination of the separate pathways occurring simultaneously rather than the formation of a single mineral. While we included these two pathways as possible mechanisms for how loading occurs under these situations, the primary purpose of this work was to demonstrate a new method for manganese incorporation into ferritin and if possible to describe the nature of the reaction pathway. The two proposed pathways are summarized in figure 1 . In addition to these two pathways, we recognize the possibility that permanganate will oxidize and denature some of the protein, complicating our ability to confirm which mechanism is followed in these reactions [52] .
Synthesis methods
In order to determine the effect of MnO 4
-on Mn loading into ferritin, we first prepared apoferritin through dialyzing horse spleen ferritin against thio-glycolic acid. This removes the ferrihydrite core and readies the ferritin for metal loading [27, 36] . Reaction solutions were prepared by adding 3.0 mg (6.67 nmol) of apoferritin to 1.0 ml of one of the following three buffered solutions: 1 M pH 5. were then added to the buffered apoferritin solutions as described in the next paragraph to synthesize the manganese ferritin cores. As stated above, the reactions were tested in acidic, neutral, and basic conditions (pH 5.4, 7.4 or 9.4) because manganese redox reactions are pH-dependent. We tested the reaction shown in equation (1b) by adding 12 μl of 66.7 mM MnCl 2 (0.8 μmol) to each buffered solution containing 3 mg (6.67 nmol) of apoferritin, followed by 3 μl of 66.7 mM KMnO 4 (0.2 μmol), giving us a 4:1 ratio between Mn II and MnO .
4
-These additions were repeated 9 times (i.e.
10 times total) targeting 1200 Mn II and 300 MnO 4 -per ferritin, or 1500 Mn atoms in total. We waited 10 min between additions to allow time for manganese to be incorporated into ferritin. Each synthesis was performed both aerobically and anaerobically to test the role of MnO 4 -as the oxidant. Similar procedures were followed using the 2:1 and the 3:2 ratios between Mn II and MnO 4 -(equations (1a) and (2), respectively), also targeting 1500 Mn atoms per ferritin. In addition, control reactions without apoferritin were run for each ratio and in each buffer to observe the reaction of MnCl 2 and MnO 4 -in solution.
In addition to the comproportionation reactions, a separate control reaction was performed to determine whether MnO 4 -loads into ferritin in the absence of MnCl 2. Reactions containing only MnO 4 -were performed by inserting ten additions of 15 μl of 66.7 mM KMnO 4 (1.0 μmol) into each of the three buffered solutions described above, with each solution containing 3 mg (6.67 nmol) of apoferritin. We likewise waited 10 min between additions, targeting a total of 1500 Mn atoms/ferritin. These permanganate only reactions were run both aerobically and anaerobically. Finally, a Mn(O) OH sample was synthesized according to methods similar to the ones outlined by Erickson et al [3] , and is termed the traditional sample. Control reactions were also run at each pH without apoferritin. After the additions were complete, the samples were stirred for an additional two to three hours and a noticeably dark brown precipitate was observed for each sample. Each sample was then centrifuged at 3100×g for 10 min and the supernatant containing ferritin decanted. The resulting solution was a medium-brown color. The ferritin samples were loaded onto a 12.5 cm×1 cm Sephadex G-100 size exclusion column, which was buffered with 25 mM pH 8.5 TRIS buffer, no salt, to prevent core degradation. The sample was collected in 1 ml fractions and the optical absorption measured for each fraction. The fractions containing ferritin eluted first and were collected and characterized for manganese content by methods described below.
Characterization
Protein and metal analyses were completed using standard methods [27, 35] ; protein analysis was performed using the Bradford protein assay [53] , and metal analysis was performed using inductively coupled plasma mass spectrometry (ICP-MS). The two molar concentrations were used to find the average number of manganese per ferritin.
The manganese oxide ferritin was prepared for viewing on a transmission electron microscope (TEM) by deposition onto a carbon type-b 300 mesh copper grid. A uranyl acetate negative stain was applied to the samples to help visualize the protein shell surrounding the metal-oxide interior. Bright field images and diffraction patterns were captured using a Tecnai-F20 TEM. Images were also collected on the same TEM while in scanning transmission electron microscopy (STEM) mode. The images were used to determine the number of ferritin molecules containing a ferritin core, and this filling fraction was used to adjust the atoms calculated per ferritin to represent a more accurate count. The diameters of the ferritin nanoparticle were measured and used to create a histogram of the nanoparticle size distribution. X-ray powder diffraction studies were performed using a Bruker-Nonius FR591 single crystal diffractometer with a rotating Cu anode. Data was collected in transmission mode x-ray diffraction (XRD) with a polyimide capillary that contained the manganese ferritin solutions.
Band gaps were measured using absorption spectroscopy as described by Colton et al [12] , and absorbance profiles were taken with an HP 8453 UV/Vis Spectrophotometer.
Results and discussion
Evidence for core formation inside of ferritin
As mentioned above, all samples were centrifuged and passed over a filtration column after synthesis to separate ferritin from the unbound metals. In each case, manganese was observed to migrate with ferritin as the samples were eluted over the gel filtration column. The elution profile for the MnO 4 -only sample synthesized at pH 5.4 is displayed in figure 2 and is representative of all the elution profiles. The absorbance of each eluted fraction was recorded at 255 and 420 nm. The absorption at 255 nm indicates the presence of either the protein or manganese, while absorption at 420 nm indicates the presence of manganese only. ICP-MS results showed high manganese content in the fractions containing ferritin (fractions 4, 5, and 6), while low amounts of manganese eluted later in fractions 9 through 15. The elution of manganese with ferritin followed by a separate elution peak of manganese demonstrates that manganese was deposited inside ferritin and remained associated with the protein shell while unbound manganese was separated from ferritin by the gel filtration column. The comproportionation of Mn II and MnO 4 -with apoferritin at pH 5.4 and 9.4 successfully resulted in core formation for all ratios (see table 1 ). No significant core formation was observed in the neutral buffer (pH 7.4), and significant precipitation was present during the reactions at this pH. Control reactions without apoferritin present produced a dark-brown manganese precipitate and resulted in a clear solution after centrifugation; a similar precipitate was observed in small amounts for all samples containing ferritin, suggesting some manganese precipitation occurred outside of ferritin. The pH 9.4 samples all retained a medium-brown color even after centrifugation and filtration over the gelexclusion column. The pH 5.4 samples also retained their color but were noticeably darker. The presence of color in the fractions containing ferritin after gel filtration indicates manganese core formation inside of ferritin. Manganese cores were successfully synthesized using the comproportionation reactions under both aerobic and anaerobic conditions. The number of metals loaded per ferritin are reported in table 1, as are the measured band gaps energies for each sample. no Mn II added) also resulted in core formation for both the acidic and basic conditions. A brown precipitate was formed in all samples but was removed by centrifugation. The pH 5.4 buffered sample resulted in a dark-brown color once passed over the gel-exclusion column, while the pH 9.4 sample resulted in a light brown-yellow color, indicative of lower amounts of manganese loading into the protein interior. The pH 7.4 sample resulted in core formation, but it was unstable and both the core and protein precipitated after several hours.
In the absence of ferritin, a brown precipitate likewise formed from the reactants and the solution was clear after removal of the precipitate by centrifugation.
Images taken with the TEM show the presence of nanoparticles inside ferritin. Representative bright field images for samples 3 and 12 from table 1 are shown in figures 3(a) and (c). TEM analysis of other manganese ferritin samples showed similar core formation in each ferritin sample. The metal cores are observed in the interior of ferritin as dark spots. The uranyl acetate stain was used to provide contrast for the protein shell, and can be seen as the light ring in the bright field images and the dark ring in the STEM images (figures 3(b) and (d)). Analysis of the TEM images revealed a ferritin filling fraction of 90%-95% and nanoparticles with a mean diameter of 6.7±1.7 nm. A histogram is plotted in figure 3(d) inset. 
Band gap measurements of the manganese ferritin minerals
Band gap measurements were performed on all of the samples via optical absorption spectroscopy to assist in determining whether a new manganese core had formed. The manganese minerals formed by the above methods were found to be indirect band gap semiconductors, which was also observed in the Mn(O)OH ferritin minerals studied by Erickson et al [3] . The band gaps for each of these samples are listed in The number of metals in samples 9 and 10 are insufficient to form a true mineral core in ferritin, and hence their band gap measurements provided no data showing the presence of any band gap. While the band gaps listed represent the primary absorption edge of the materials, in all samples there is some absorption even below the reported band gaps. We attribute this primarily to two factors. First, there may be a defect state slightly lower in energy than the band gap. This has previously been reported in native ferritin (with an Fe(O)OH nanoparticle) [12] , and we see similar features in the belowgap absorption in these samples. Secondly, the size variation in nanoparticles leads to a distribution of band gaps (larger nanoparticle cores tend to have smaller band gaps [3] ), so some long wavelength absorption undoubtedly arises from the tail of the size distribution, at energies below where the absorption begins for the size distribution peak.
Previous work by our group [3] showed an indirect band gap of 1.574 eV for a sample similar in size and synthesis method to sample 18. The value we report here for sample 18 is lower, primarily due to an increased ability to measure long wavelengths. In the previous work it had appeared that the transmission plateaued around 700-800 nm, which we attributed to scattering, leading us to normalize the transmission to the average value in that range. However in our more recent measurements we have found that transmission continues to increase at even longer wavelengths, so we have removed that normalization step. This results in smaller deduced indirect band gap values. 
Permanganate control reactions
As stated above, manganese was observed to load into ferritin in the control reactions with MnO , 4 -where no Mn II was added. We observed that the acidity of the solution greatly affected the manganese incorporation into ferritin, where significantly more metal ions were loaded in the acidic condition (see table 1, comparing samples 1 and 5 with 10 and 14). In the acidic solution, the presence of oxygen increased the protein loss from 53% to 77%, while simultaneously decreasing the total number of metals loaded from 716 Mn/ ferritin to 580 Mn/ferritin. This dependence on the pH of the solution, as well as the presence of oxygen, is consistent with the reaction mechanism of MnO 4 -in acid [54, 55] , as shown in the following equation:
Equation (3) explains why anaerobic conditions favor the reaction, as O 2 is a product and would slow the reaction by being present on the reactant side of the equation. The dependence on pH as well as the effect of oxygen on the reaction likewise suggest the formation of MnO 2 inside ferritin. Under these circumstances, MnO 4 -likely migrates into the ferritin interior before interacting with ferritin and producing manganese oxide, though some precipitation would likely still occur outside of ferritin as well. The absorption profiles of these permanganate control samples, displayed in figure 4 , show increased absorption near 370 nm. This absorption peak is observed in other MnO 2 compounds, and gives evidence that some amount of Mn IV forms inside ferritin under these reaction conditions [55, 56] . Note how this increased absorption is absent in the traditional Mn(O)OH-ferritin, demonstrating the formation of a new manganese mineral in ferritin. The overall absorption of the samples also increases due to the increase in manganese ions per ferritin.
The band gap energies for the MnO 4 -only samples all fall around 1.30 eV (see samples 1, 5, and 14; sample 10 would have been included in this category, but the band gap was unable to be measured due to core size). This agrees perfectly with the measurements for α-MnO 2 as reported by Cockayne and Li [57] , and further strengthens the notion for the formation of MnO 2 .
Comproportionation reactions
As mentioned previously, the reaction of XRD and electron diffraction were both used in an attempt to characterize the mineral and to determine which proposed mechanism the reactions follow. Results showed the presence of an amorphous manganese core in each case, making it impossible to determine the mineral type through these methods. This result is not entirely unexpected as ferritin often forms amorphous cores in its interior [20, 58] .
We also measured the absorption profiles for each of the comproportionation samples to help differentiate our new manganese-ferritin from the traditionally synthesized manganese-ferritin (sample 18). The spectra of samples 2 and 13 are plotted alongside the traditional manganese-ferritin sample in figure 5 , and all samples were prepared at 0.1 mg ml −1 ferritin. All acidic samples had absorption profiles similar to the sample 2 as shown in figure 5 , and the basic samples were similar to the one selected for the same figure (sample 13) . The presence of oxygen had no apparent effect on the absorption profiles other than to change the strength of the absorption by changing the number of metals loaded. These samples were chosen because they had the highest metal loading in the basic and acidic groups and helped highlight the differences between these two groups.
In the absorption profiles for these samples, part of the absorption at 280 nm comes from the protein itself, while the absorption tailing into the visible wavelengths arises solely from the metal-oxide cores. An increase in absorption near 370 nm appears in the profiles of the acidic comproportionation samples, a trait which was absent in both the basic The basic samples, on the other hand, appear quite similar to the traditional sample, and suggest that the mineral formed through a similar reaction mechanism. If true, this result would suggest that the basic conditions make use of the ferroxidase center, as outlined in equations (1a) and (1b). In the aerobic trials, MnO 4 -competes with oxygen and is less able to assist in loading at the ferroxidase center. Hence it is left to react with Mn II in solution, and fewer metals are available to load into ferritin. This effect is seen by comparing the total metal loading in the anaerobic and aerobic samples synthesized under basic conditions (compare samples 11-13 with samples [15] [16] [17] . However, in the absence of oxygen, MnO 4 -is allowed to oxidize Mn II at the ferroxidase center rather than precipitating in solution, nearly doubling the total number of metals loaded. Despite these possibilities, however, it is difficult to pin down which reaction occurs in each condition due to protein loss and the amorphous nature of the mineral.
As noted above, samples synthesized using only MnO 4 -had band gaps near 1.3 eV and have the highest indirect band gap energy in each set of conditions. As the amount of MnO 4 -decreases and the amount of Mn II increases, the indirect bang gap energies decreases in almost every scenario. The traditional sample had the lowest indirect band gap energy at 1.01 eV. The change in band gap energy within each set of conditions is attributed to a change in the mineral formed under each circumstance. It is interesting to note that the band gap energies for samples 11-13 did not change as much as their aerobic counterparts (samples [14] [15] [16] [17] . This is likely due to the fact that, in the absence of oxygen, the role of oxidant was played by 
Conclusion
Ferritin is a unique protein that allows for the synthesis of a wide variety of nanoparticles. The comproportionation reaction between Mn II and MnO 4 -in the presence of apoferritin resulted in the formation of manganese compounds within the protein shell. In the absence of oxygen, MnO 4 -acts as the oxidant and is able to oxidize Mn II to form the manganese oxide core. Manganese loading into ferritin was established by ICP-MS and TEM imaging. This reaction leads to the formation of a new manganese oxide core inside ferritin. Differences between the traditional samples and the new samples include changes in the indirect band gap energies by up to 0.3 eV and significant changes in the absorption profile. These differences also suggest that the comproportionation of Mn II and MnO 4 -in an acidic solution form a core likely containing some amount of MnO 2 inside ferritin (a +4 oxidation state), as opposed to the Mn(O)OH core that forms in the traditional sample (a +3 oxidation state). In addition to determining optimal conditions for the formation of these different cores inside ferritin, we also discovered that through making changes in pH, the presence of oxygen, or the ratio between the reactants, we are able to alter both the mineral and its properties. The development of biohybrid materials continues to be a field where science can utilize the tools of nature to achieve its goals. Our aim was to use ferritin to add to that repertoire of materials by finding a new method for synthesizing manganese oxide nanoparticles. Due to the ferritin encapsulation, we were able to create manganese oxide nanoparticles in solution and without using high temperatures, as was done in the hydrothermal and molten salt methods [16] [17] [18] . The use of ferritin also allows for these nanoparticles to potentially coat surfaces in 2D arrays and also allows for normally insoluble materials to be handled in solution [10, 31] . In addition, the change in mineral type within ferritin resulted in new band gap energies, expanding the possible wavelengths in which ferritin can act as a Figure 5 . Absorption spectra of manganese-loaded ferritin samples, comparing two samples synthesized through the comproportionation reactions at both the acidic and basic conditions. The traditional manganese-ferritin and apoferritin are included for comparison. The legend follows the samples from top to bottom. Note how sample 2 has a markedly increased absorption near 370 nm, indicative of a new mineral formation.
photosubstrate in light-harvesting techniques. Manganese nanomaterials are currently being explored for their magnetic properties [4, 15] and as water splitting and oxygen reducing catalysts [59] [60] [61] . The minerals formed in this project will likely have differing magnetic and reductionoxidation properties from their ferritin pre-cursors, though these will have to be determined by future experiments. Lastly, the success of this synthesis method suggests the possibility of using other comproportionation reactions (e.g. between Cr(IV) and a lower valence chromium ion) for the formation of new nanoparticles within ferritin.
